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Design method for cold-formed thin-walled steel beams with 
built-up box section 
 
 
Ying-Lei Li1, Yuan-Qi Li1,2* 
 
 
Abstract: Built-up sections has been extensively used in cold-formed thin-walled 
steel structures. The structural behaviour and moment capacity of built-up box 
beams, which is consisted of nested C and U-sections, are the major concerns in 
this paper. A finite element model for built-up box beams was firstly developed 
and validated by existing test results. The effects of screw configuration and the 
global buckling behaviour of built-up box beams were investigated by parametric 
analysis. Then, the simple superposition method and equivalent cross-section 
method were introduced and adopted to estimate the moment capacity of built-up 
box beams bending about major or minor axis. Finally, a comparison was made 
between the predicted capacity and the numerical analysis results and the 
reasonability of these methods was assessed. 
 
Keywords: cold-formed thin-walled steel beams, built-up box section, numerical 
analysis, moment capacity, design method 
1 Introduction 
Built-up sections have been widely used in cold-formed thin-walled 
structures such as wall frames and floor openings. The main advantages of built-
up sections include: a) built-up sections have higher load-carrying capacities; b) 
most of the built-up sections are closed, doubly-symmetric cross-section shape 
and have much higher torsional stiffness than C and Z-sections; c) different shapes 
of built-up sections can be fabricated from one “standard” single section, which 
is beneficial for the industrialisation of building constructions; d) the connection 
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of built-up sectional components is convenient and reliable. Among the various 
types of built-up sections, built-up box beams, which are consisted of nested 
lipped channel sections (C-section) and channel sections (U-sections), are 
commonly used in floor openings (Fig. 1).  
 
Fig. 1 Application of built-up box beams in floor opening 
With respect to the capacity estimation of built-up box beams, the simple 
superposition method was suggested in the Standard for Cold-Formed Steel 
Framing - Prescriptive Method for One and Two Family (AISI S230 2012). The 
bending strength of the box-beam header in wall framing is based on two C-
section alone and the bending strength of box-beam header joist in floor opening 
is taken as the summation of moment capacity of the C-section and the track. 
Nevertheless, the equivalent section method was adopted in the Chinese code 
Technical specification for low-rise cold-formed thin-walled steel buildings (JGJ 
227 2011). The moment capacity of built-up box beam, which is composed of 
nested C and U-sections, is calculated based on the assumption that the flange is 
assumed as partial-stiffened element with summated thickness from C and U-
sections. 
Only limited researches have been conducted on cold-formed, thin-walled 
built-up box beams by now. Serrette (2004) tested 6 built-up box beams to 
evaluate their flexural and torsional response to eccentric loading. The built-up 
box section was composed of two toe-to-toe C-sections and two U-sections 
covering both top and bottom flanges of C-sections. Experimental results 
indicated that the eccentric load cannot be uniformly transferred to individual C-
sections and the moment capacity is at most 85%-90% of its fully braced 
calculated flexural capacity. Xu et al. (2009)  developed a finite element model 
for built-up box beams made of nested C and U sections, which was validated by 
the test results of Beshara and Lawson (2002) , and conducted a series of 
parametrical analysis. Xu’s analysis result showed that the flexural strength of 
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built-up box section under concentric load could be considered as the summation 
of individual components, while for the case of eccentric loading, this method 
would over-estimate the flexural strength. Jiang (2014) conducted four-point 
bending experimental investigation on lateral constrained built-up box beams 
consisted of nested C and U-sections. A total of 5 groups of beams with different 
section dimensions and screw spacing were tested. Experimental results indicated 
that increasing screw spacing from 300mm to 600mm did not impair the flexural 
strength obviously (2% decrease) and the tested moment capacity was higher than 
the capacity summation of individual C and U-sections due to the ‘built-up effect’. 
This paper mainly focuses on the structural behaviour and design methods of 
built-up box beams composed of nested C and U-sections (denoted as CU-section 
throughout this paper). A finite element model for built-up box beams was firstly 
developed and validated by the test results of Li (2014). The effects of screw 
configuration and the elastic lateral-torsional buckling behaviour of built-up box 
beams were investigated by parametric analysis. The simple superposition method 
and equivalent cross-section mothed were adopted to estimate the moment 
capacity of built-up box beams (bending about major or minor axis) with 
commonly used cross-section dimensions and the reasonability of these methods 
was also assessed.  
2 Experimental investigation (Li 2014) 
 In Li’s research (2014), 3 groups of built-up box beams bending about major 
axis (X axis) and 1 group of built-up box beams bending about minor axis (Y axis, 
lips in tension) were tested. Each group was consisted of two identical specimens. 
The cross-section dimensions are illustrated in Fig. 2. The nominal wall thickness 
of all the specimens is 1.2mm and the measured yield strength is 390.6MPa. 
 
                            (a) CU h×b×d×t – X                 (b) CU h×b×d×t - Y 
Fig. 2 Cross-section dimensions of built-up box beams (Li 2014) 
Four-point bending test was conducted on simply supported built-up box 
beams, in which an 800mm long pure bending portion was achieved (Fig. 3).  In 
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order to avoid the local failure at loading points, all specimens were strengthened 
at the loading points by covering a U-section on the top of the specimen. For 
beams bending about major axis, 4 pairs of braces were installed to restrain the 
out-of-plane deflection to avoid the occurrence of lateral-torsional buckling. 
 
 
Fig. 3 Test setup (Li 2014) 
In general, the failure mode of built-up box beams was local buckling (Fig. 
4). The built-up box beams bending about minor axis displayed much higher 
ductility than beams bending about major axis. The test results are summarised in 
Table 1, in which L0 is beam length, Pt is failure load (peak load recorded during 
the test), Dt is mid-span deflection corresponding to failure load, Mt is moment 
capacity, and Mt_ave is averaged moment capacity for each group. 
Table 1 Summary of test results (Li 2014) 











CU140×35×12×1.2-X-1 2495.2 14.7 22.5 6.23 
6.36 
L 
CU140×35×12×1.2-X-2 2494.3 15.3 24.9 6.49 L 
CU140×50×12×1.2-X-1 2493.8 14.6 18.8 6.17 
7.27c 
Lb 
CU140×50×12×1.2-X-2 2494.8 17.2 20.8 7.27 L 
CU140×65×12×1.2-X-1 2494.7 17.0 18.5 7.20 
7.07 
L 
CU140×65×12×1.2-X-2 2495.2 16.4 16.9 6.94 L 
CU140×50×12×1.2-Y-1 2618.8 4.9 66.7 2.24 
2.20 
L 
CU140×50×12×1.2-Y-2 2619.2 4.7 67.7 2.15 L 
a D-distortional buckling, L-local buckling. 
b Failure at loading point. 
c Result of CU140×50×12×1.2-X-1 is not included. 
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             (a) CU140×65×12×1.2-X-1                            (b) CU140×50×12×1.2-Y-1 
Fig. 4 Typical failure modes 
3 Finite element modelling 
3.1 Modelling of specimens 
The commercial finite element software ANSYS was adopted in this paper 
to conduct numerical analysis. The SHELL181 element was selected to model the 
thin-walled members and the mesh size of element is 5mm×10mm. As reported 
in the test, no screw failure occurred for built-up sections. For simplicity, the 
effect of screw was accounted by coupling translational and rotational degrees of 
the nodes where screws were located in test beams. The multilinear stress-strain 
relationship, which was from the tensile coupon test, was adopted in the ANSYS 
model to consider the material nonlinearity. The surface-to-surface contact 
elements CONTA174 and TARGE170 were selected to simulate the interaction 
between overlapped flanges and between the lips of C section and webs of U 
section. The friction factor was set as zero and the thickness of the element was 
considered in order to help the convergence of the analysis. A typical ANSYS 
model is shown in Fig. 5. 
3.2 Boundary conditions and loads application 
In this paper, only the pure bending part of the beam was modelled. A rigid 
region was created at each end of the specimen and the master node was selected 
at the centre of the web of C section. The simple supported boundary condition 
was achieved by restraining the translational freedoms of the master nodes (Fig. 
5). 
The load was applied at the master node of the rigid region, which is different 
from load conditions during the test (Li 2014). However, a comparison between 
numerical analysis results and test results indicated that this difference would not 
affect moment capacity accuracy of FEM as the failure occurred within the pure 
bending part. For Eigen-buckling analysis the moment was applied at each master 
node, while for nonlinear collapse analysis, the displacement (rotation) was 
applied at each master node. In the nonlinear analysis, the Newton-Rapson 
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method was adopted as the solution technique. The bending capacity was 
determined from the reaction moment at the master nodes. It should be noted that 
during the post-failure part, the reaction moments at the nodes possibly be 
different if the plastic hinge was not formed at the mid-span. However, little 
attention will be addressed on the post-failure behaviour in this paper. 
 
 
Fig. 5 ANSYS model 
3.3 Initial geometric imperfection 
The initial geometric imperfection was seeded into the perfect model by 
scaling the first eigenvalue buckling mode shape. In this research, the geometric 
imperfection was not measured due to the lack of appropriate measuring 
equipment. Based on the research of Zeinoddini and Schafer (2012), the 
magnitude of the imperfection was taken as 0.31 times of the plate thickness, 
which was in correspondence with 50% probability of exceedance. 
3.4 validation of finite element model 
A comparison between the tested results and numerical analysis results is 
summarized in Table 2, in which MA, Mt is the bending moment capacity from 
ANSYS and test, and DA, Dt is the mid-span deflection corresponding to the peak 
load from ANSYS and test, respectively. As shown in Table 2, the moment 
capacity obtained by FEM is in well agreement with the test results with MA/Mt 
mean of 1.01 and COV of 0.05. However, the mid-span deflection obtained by 
FEM is much less than the test results, which are mainly caused by the facts that 
only pure bending part was modelled in FEM and Dt is the deflection difference 
at mid-span and loading point of tested beams. The typical failure modes of built-
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up box beams are given in Fig. 6, which are similar to the observation during the 
test.  
Based on the above comparison, it can be concluded that the ANSYS model 
can accurately and reliably predict the moment capacity of built-up box beams 
and can be adopted in the following discussion. 
Table 2 Comparison between test results and numerical analysis results 







CU140×35×12×1.2-X-1 6.59 6.23 1.06 1.80 2.82 0.64 
CU140×35×12×1.2-X-2 6.75 6.49 1.04 1.99 3.38 0.59 
CU140×50×12×1.2-X-2 7.70 7.27 1.06 1.64 2.16 0.76 
CU140×65×12×1.2-X-1 6.70 7.20 0.93 1.53 1.81 0.84 
CU140×65×12×1.2-X-2 6.60 6.94 0.95 1.32 1.84 0.72 
CU140×50×12×1.2-Y-1 2.26 2.24 1.01 5.93 9.39 0.63 
CU140×50×12×1.2-Y-2 2.25 2.15 1.05 5.44 9.63 0.57 
Mean   1.01   0.68 
COV   0.05   0.13 
 
 
              (a) CU140×50×12×1.2-X-2                            (b) CU140×50×12×1.2-Y-1 
Fig. 6 Typical failure modes 
4 Discussion 
4.1 Effects of screw configuration 
The current design codes have not regulate the screw configuration for built-
up box beams. In engineering practice, the screws are commonly located at the 
mid-part of overlapped flanges (as shown in Fig. 2) and the spacing of screws 
ranges from 300mm to 600mm. This section mainly focuses on the effects of 
screw configuration on the moment capacity of built-up box beams. 
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A total of 8 types of screw configurations ( as shown in Fig. 7) are adopted 
for 800mm long built-up box beams under pure bending (CU140×35×12×1.2-X, 
CU140×65×12×1.2-X, CU140×35×12×1.2-Y). The moment capacities were 
obtained by finite element method and the results are summarised in Fig. 8.  
 
 
Fig. 7 Screw configurations 
 
  
Fig. 8 Effects of screw configuration 
As shown in Fig. 8, with the increase of screw spacing, the moment capacity 
of built-up box beams will decrease.  The influence of screw spacing is more 
obvious for beams bending about major axis (from CU140×35×12×1.2-X vs. 
CU140×35×12×1.2-Y) and for beams with large flange width (from 
CU140×35×12×1.2-X vs. CU140×65×12×1.2-X). An explanation for this is the 
screw can restrain the deformation of overlapped flanges. Specially, if the screw 
spacing increases from 300mm (screw configuration 5) to 600mm (screw 
configuration 8), the moment capacity decreases are 6%, 17% and 3% for 
specimen CU140×35×12×1.2-X, CU140×65×12×1.2-X, and CU140×35×12×1.2 
-Y respectively. A comparison between configuration 4, 5, 6, and 7 indicates that 
the built-up box beam with screw located at mid-span will not have obviously 
higher moment capacity than other beams with the same screw spacing but 
without screw located at mid-span. 
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4.2 Discussion on elastic lateral-torsional buckling 
It is well known that the lateral-torsional buckling strength of closed cross-
section is much higher than that of open cross-section. Therefor the lateral-
torsional buckling strength of built-up box beams shall be much higher than that 
of individual C-sectional beams. As the C and U-sectional components in built-
up sections are only connected by the screws at the middle part of flanges, it is 
assumed that the strength of built-up box beams (CU) should be less than that of 
equivalent box beams (□). 
The elastic critical lateral-torsional buckling moments (Mcre) of C-sectional 
beams and equivalent box sectional beams with different slenderness ratios (λy) 
are plotted in Fig. 9, in which Mcre is determined by AISI standards, My is yield 
moment, L is beam length, and ry is radii of gyration of cross-section about minor 
axis. The elastic lateral-torsional buckling moments of built-up box sectional 
beams, which are obtained from ANSYS Eigen-buckling analysis, are also plotted 
in Fig. 9. The cross-section dimensions of analysed beams are h=140mm, 
b=35mm, d=12mm, and t=4mm, so that the local and distortional buckling modes 
are avoided. 
As shown in Fig. 9, the elastic buckling moments of built-up box beams are 
much higher than the calculated elastic buckling moments of individual C-
sectional beams, but slightly less than that of box beams.  Based on AISI standards, 
if Mcre/My<2.78, the lateral-torsional buckling strength should be considered (i.e. 
nominal flexural strength is less than My).  Fig. 9 indicates that the lateral-torsional 
buckling should be considered if slenderness ratio is greater than 60 for C sections 
and if it is greater than 200 for built-up box sections. Therefore, the lateral-
torsional buckling resistance of built-up box beam can be significantly higher than 
that of individual C-sectional beams 
 
  
Fig. 9 Lateral-torsional buckling strength of typical cross-section dimensions 
(C140×35×12×4-X, CU140×35×12×4-X) 
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5 Design methods for built-up box beams 
5.1 Simple superposition method 
The simple superposition method shall only apply to built-up box beams 
bending about major axis. The moment capacity of built-up box beams is equal to 
the capacity summation of individual C-section and U-section. Three different 
codes are adopted herein to determine the moment capacity of C-sectional beams 
and U-sectional beams: 1) Chinese code (GB50018 2002); 2) effective width 
method (EWM) in AISI code (AISI S100 2012); 3) direct strength method (DSM) 
in AISI code (AISI S100 2012). A total of fifteen 800mm long built-up box beams 
are calculated in this paper and the cross-section dimensions of the beams are 
commonly used in engineering practice. The “real” capacity of the beams was the 
numerical capacity obtained by ANSYS analysis (denoted as “MA”) and the 
material properties is the same to the test of Li (2014). 
A comparison of the numerical capacity and the predicted capacity 
determined by the superposition method is reported in Table 3. The meaning of 
specimen label, taken “CU100×30×12×1-X” as an example, is built-up box beam 
with web height of 100mm, flange width of 30mm, lip width of 12mm, thickness 
of 1.0mm, and bending about major axis. As shown in Table 3, the superposition 
method can conservatively estimate the moment capacity of built-up box beams 
bending about major axis as the interaction between overlapped flanges was not 
considered in this method. The GB 50018 code is more conservative than AISI 
codes. It is necessary to mention that the distortional buckling was considered 
when using the effective width method (EWM) in AISI code.   
Table 3 Simple superposition method for built-up box beams bending about major axis 
(unit: kN·m) 
Specimen MA 
GB 50018  AISI EWM  AISI DSM 
M M/MA  M M/MA  M M/MA 
CU100×30×12×1-X 3.4 2.5 0.74  2.9 0.83  2.9 0.85 
CU100×50×12×1-X 3.8 2.6 0.68  3.0 0.80  3.0 0.80 
CU100×70×12×1-X 3.6 2.7 0.74  3.0 0.84  3.0 0.84 
CU150×50×14×2-X 17.3 13.1 0.76  14.6 0.84  15.4 0.89 
CU150×70×14×2-X 18.8 13.9 0.74  14.9 0.79  14.9 0.79 
CU150×90×14×2-X 19.2 14.4 0.75  15.0 0.78  15.0 0.78 
CU200×50×20×3-X 44.4 34.8 0.78  35.8 0.81  38.7 0.87 
CU200×100×20×3-X 54.8 40.7 0.74  43.3 0.79  43.3 0.79 
CU200×150×20×3-X 60.1 43.7 0.73  43.6 0.72  43.6 0.72 
CU80×40×15×2-X 7.0 5.7 0.81  5.5 0.79  6.3 0.89 
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CU140×50×20×2-X 16.2 12.4 0.76  13.7 0.84  14.4 0.89 
CU160×60×20×2-X 19.3 15.1 0.78  17.3 0.90  17.3 0.90 
CU180×70×20×2-X 24.3 17.6 0.73  20.2 0.83  20.2 0.83 
CU200×70×20×2-X 28.4 20.0 0.70  22.8 0.80  22.8 0.80 
CU220×75×20×2-X 31.9 22.4 0.70  25.7 0.81  25.7 0.81 
Mean   0.74   0.81   0.83 
COV   0.04   0.05   0.06 
 
For built-up box beams bending about minor axis, because the centroid axis 
of individual C and U-section will shift after “built-up” and the calculation of U-
section bending about minor axis is not reliable. It is not suggested to apply simple 
superposition method to built-up box beams bending about minor axis. 
5.2 Equivalent cross-section method 
In equivalent cross-section method, the built-up box section was regarded as 
box section and the interaction between the overlapped flanges was considered by 
assuming the overlapped flanges as fully stiffened elements with thickness of t (as 
shown in Fig.10).  
The specimens calculated in this Section is the same to those in Section 5.1. 
The comparison results using the Chinese code (GB50018 2002) and the EWM 
in AISI code (AISI S100 2012) are summarized in Table 4 and Table 5, in which 
Table 4 includes the specimens bending about major axis and Table 5 includes the 
specimens bending about minor axis. 
As shown in Table 4, the equivalent cross-section method can generally 
predict the moment capacity about major axis with desirable accuracy. The 
prediction is conservative for built-up box beams with narrow flanges but it is un-
conservative for beams with wide flanges. A reason for this is that the interaction 
effect (built-up effect) between overlapped flanges is relate to the flange width. 
For built-up box beams bending about minor axis (Table 5), the equivalent 
cross-section method is more conservative than beams bending about major axis. 
During the calculation, it is found that the overlapped webs under gradient stresses 
are fully effective. Therefore the conservative prediction is mainly caused by the 
effective width calculation of flanges, which is independent of the stiffening 
assumption of overlapped webs.  
Comparing to simple superposition method, the prediction by the equivalent 
cross-section method is more accurate (higher mean value of M/MA) but is more 
scattered (higher COV of M/MA). The capacity calculation using simple 
superposition method is more complicated as both the C and U-sections have to 
been calculated. The equivalent cross-section method is suggested by the authors 
to estimate the moment capacity of built-up box beams. Another advantage of this 
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method is that it can be potentially applied to more complicated built-up cross-
section shapes. 
 
Fig. 10 Element stiffening assumption in equivalent cross-section method 
Table 4 Equivalent cross-section method for built-up box beams bending about major 
axis (unit: kN·m) 
Specimen MA 
GB50018  AISI EWM 
M M/MA  M M/MA 
CU100×30×12×1-X 3.4 3.1 0.91  3.4 0.98 
CU100×50×12×1-X 3.8 3.8 0.99  4.3 1.13 
CU100×70×12×1-X 3.6 4.0 1.11  4.6 1.28 
CU150×50×14×2-X 17.3 16.5 0.95  16.7 0.96 
CU150×70×14×2-X 18.8 18.8 1.00  20.8 1.11 
CU150×90×14×2-X 19.2 20.8 1.08  22.8 1.19 
CU200×50×20×3-X 44.4 36.9 0.83  36.9 0.83 
CU200×100×20×3-X 54.8 53.7 0.98  58.4 1.07 
CU200×150×20×3-X 60.1 63.1 1.05  67.3 1.12 
CU80×40×15×2-X 7.0 6.1 0.86  6.1 0.86 
CU140×50×20×2-X 16.2 15.2 0.94  15.2 0.94 
CU160×60×20×2-X 19.3 19.1 0.99  20.5 1.06 
CU180×70×20×2-X 24.3 23.3 0.96  25.7 1.06 
CU200×70×20×2-X 28.4 26.4 0.93  29.1 1.02 
CU220×75×20×2-X 31.9 30.2 0.95  33.7 1.06 
Mean   0.97   1.04 
COV   0.07   0.11 
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Table 5 Equivalent cross-section method for built-up box beams bending about minor 
axis (unit: kN·m) 
Specimen MA 
GB50018  AISI EWM 
M M/MA  M M/MA 
CU100×30×12×1-Y 0.8 0.7 0.79  0.8 0.95 
CU100×50×12×1-Y 1.5 1.4 0.95  1.7 1.10 
CU100×70×12×1-Y 2.3 2.4 1.08  2.7 1.21 
CU150×50×14×2-Y 5.1 3.9 0.76  4.5 0.89 
CU150×70×14×2-Y 7.3 6.4 0.87  7.3 0.99 
CU150×90×14×2-Y 10.4 9.3 0.90  10.4 1.00 
CU200×50×20×3-Y 9.9 7.2 0.72  8.5 0.86 
CU200×100×20×3-Y 24.7 19.7 0.80  22.0 0.89 
CU200×150×20×3-Y 39.5 36.4 0.92  39.7 1.00 
CU80×40×15×2-Y 3.2 2.4 0.74  2.8 0.88 
CU140×50×20×2-Y 5.1 3.8 0.75  4.5 0.87 
CU160×60×20×2-Y 6.7 5.1 0.77  5.9 0.89 
CU180×70×20×2-Y 8.2 6.6 0.80  7.5 0.92 
CU200×70×20×2-Y 8.3 6.7 0.80  7.7 0.92 
CU220×75×20×2-Y 9.4 7.5 0.80  8.6 0.92 
Mean   0.83   0.95 
COV   0.11   0.10 
6 Conclusions 
The structural behaviour of built-up box beams under pure bending were 
investigated in this paper by the numerical analysis. Several conclusions can be 
made as following: 
1) The finite element model developed in this paper can be used to predict 
the moment capacity of built-up box beams bending about major or minor axis 
and the accuracy of the model has been validated by existing experimental results. 
2) With the increase of screw spacing, the moment capacity will decrease. 
The bending direction and flange width can also affect the amplitude of the 
decrease. 
3) The lateral-torsional buckling resistance of built-up box beams is much 
higher than that of individual C -sections. 
4) The simple superposition method is conservative to predict the moment 
capacity of built-up box beams bending about major axis. 
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5) The accuracy of the equivalent cross-section method is more desirable and 
the calculation using this method is less complicated than using simpler 
superposition method. Therefore, the equivalent cross-section method is 
suggested in this paper to prediction the flexural strength of built-up box beams 
consisted of nested C and U-sections. 
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